Numerous oxidation problems of nanoparticles are often involved during the preparation and application of nanomaterials. The oxidation rate of nanomaterials is much faster than bulk materials due to nanoeffect. Nanosized zinc sulfide (nano-ZnS) and oxygen were chosen as a reaction system. The influence regularities were discussed and the influence essence was elucidated theoretically. The results indicate that the particle size can remarkably influence the oxidation reaction kinetics. The rate constant and the reaction order increase, while the apparent activation energy and the preexponential factor decrease with the decreasing particle size. Furthermore, the logarithm of rate constant, the apparent activation energy and the logarithm of preexponential factor are linearly related to the reciprocal of particle diameter, respectively. The essence is that the rate constant is influenced by the combined effect of molar surface energy and molar surface entropy, the reaction order by the molar surface area, the apparent activation energy, by the molar surface energy, and the preexponential factor by the molar surface entropy. The influence regularities and essence can provide theoretical guidance to solve the oxidation problems involved in the process of preparation and application of nanomaterials.
Introduction
Because of nanoeffect, nanomaterials have great many peculiar physical and chemical properties [1] [2] [3] [4] . Nano-ZnS presents plentiful excellent properties due to its nanostructural effects [5, 6] . At present, nano-ZnS has been widely applied in various fields, such as luminescent materials, sensors, photocatalysis, and semiconductors [7] [8] [9] [10] . However, nano-ZnS is oxidized easily in the process of preparation and application, and the oxidation rate is much faster than that with massive ZnS. In fact, there is the possibility of being oxidized for most nanomaterials, causing the degradation of performance. The influence mainly depends on the rate of being oxidized. Therefore, it is vitally important to study the oxidation reaction kinetics of nanomaterials for their preparation and application.
The research related to oxidation kinetics of nano-ZnS has not been reported so far, and there are a few researches in particle size effect on oxidation kinetics of other nanoparticles. The results show that with the decrease of particle diameter, the rate constant increases [11] and the apparent activation energy and the preexponential factor decrease [11] [12] [13] [14] . What they have done lays a foundation for the continuing research of the oxidation reaction kinetics of nanoparticles. However, the particle size effect on the reaction order has not been considered and the essence of particle size effect on the oxidation reaction kinetics is unclear as well.
In this paper, by choosing nano-ZnS with different particle sizes and oxygen as the reaction system, the kinetic parameters of the oxidation reaction at different temperatures were determined and the regularities of particle size effect on the reaction kinetics were summarized. The essence of particle size effect on the oxidation reaction kinetics was also discussed theoretically. Figure 1 : The XRD spectra for nano-ZnS with different diameters.
Experimental
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active agent, was added into a boiling flask-3-neck (500 mL) followed by heating and stirring. When the reaction was finished, after sucking filtration, after being washed by distilled water and absolute ethyl alcohol, and after being dried in a vacuum drying box, the nano-ZnS particles were obtained. The nano-ZnS with different sizes were obtained by changing the reaction temperature, initial pH value, heating method, and the kind of surface active agent which are shown in Table 1 . The XRD diffraction spectrum of nano-ZnS was determined by XRD-6000 (Cu K , = 0.154178 nm). The average particle diameter of nano-ZnS was calculated by Scherrer formula through the FWHMs of the diffraction peaks. The average particle diameters of nano-ZnS used in this experiment were 17.9, 26.0, 33.3, 49.1, 57.6, and 71.9 nm, respectively. The XRD spectra are shown in Figure 1. 
Reactions of Nano-ZnS.
The reactions were performed in an autoclave (WDF-0.25, 250 mL). Excessive nano-ZnS particles of a certain size were added into the autoclave and then oxygen was introduced slowly to drain the air out of the reactor, introducing about 0.20 MPa oxygen into the reaction kettle again and then closing the inlet. The reaction equation is shown below:
The reaction time and the corresponding pressure (±0.0001 MPa) were recorded when the temperature reached the target value by stirring in high speed. 
Processing of Experimental
where is the reaction rate, is the reaction time, is the rate constant, and and are the partial reaction orders. The reaction rate can be calculated approximately as follows:
The logarithm form of (2) is as follows:
According to (4), the partial reaction orders and and the rate constant are calculated through multiple linear regression. If the correlation coefficient is close to 1, the reaction has a reaction order and the total reaction order is = + . The Arrhenius equation:
where is the preexponential factor, a is the apparent activation energy, and is the reaction temperature.
If the reaction follows the Arrhenius equation, the plot of logarithm of rate constant ln against the reciprocal of temperature 1/ should be a line; then a can be gotten from the slope and can be gotten from the intercept of this line. If the plot is not a line, the reaction is a non-Arrhenius reaction.
Results and Discussion
Effect of Particle Size on Rate Constant and Reaction Order.
The reaction has a reaction order because the correlation coefficient is very close to 1 ( > 0.95). By combining (3) and (4) with O 2 and SO 2 calculated by the RK equation, the , , , and are calculated. The logarithms of rate constants and reaction orders with different particle sizes of nano-ZnS at different temperatures are given in Tables 2 and 3 .
At different temperatures, the curves of the logarithms of rate constants against the reciprocal of the particle diameters are shown in Figure 2 .
It can be seen from Figure 2 that the particle size of nanoZnS has a marked influence on the reaction rate constant; the reaction rate constant increases when the particle size decreases and it is consistent with the reported results of reaction of nanoparticles in solutions [15] [16] [17] . At different temperatures, the logarithm of rate constant exhibits a linear relationship with the reciprocal of the particle diameter; the influence regularity is consistent with the result of reaction of nanoparticles in solution [15] . The theoretical relationship between the reaction rate constant and the reciprocal of particle diameter will be discussed below.
At different temperatures, the curves of the reaction orders versus the particle diameters are shown in Figure 3 . 
The curves of logarithms of rate constants versus the reciprocals of particle diameters.
As can be seen from Figure 3 , there is a great influence of particle size of nano-ZnS on the reaction order. At the same temperature, the reaction order increases with the decrease of particle size; the influence regularity is consistent with the result of the reduction reaction of the nanoparticles [18] and is consistent with the result of reaction of nanoparticles in solutions [15] [16] [17] . The reaction order increases with the rising of temperature when the particle size remains unchanged. But with the particle size decreasing, the effect of temperature on the reaction order becomes smaller. For multiphase reaction, reducing the size of reactants can increase the specific surface area, thus speeding up the reaction rate; but solid particles in the reaction do not appear in the rate equation and thus the contribution of reducing particle size to accelerate the reaction rate is reflected in the effect of the partial pressure of oxygen on the reaction rate. Therefore, the increase of reaction order can attribute to the increase of molar surface area. 
The curves of reaction orders versus particle diameters at different temperatures.
Effect of Particle Size on Apparent Activation Energy and Preexponential
Factor. The curves of ln versus 1/ for nano-ZnS with different particle sizes are presented in Figure 4 . As shown in Figure 4 , ln is proportional linearly to 1/ , which shows that the reaction of nano-ZnS with oxygen follows the Arrhenius formula. According to Arrhenius equation, the ln and a for a given particle diameter can be obtained from the slope and intercept of the line, respectively (see Table 4 ). From the data in Table 4 , the curves of the apparent activation energies versus the reciprocals of the particle diameters are shown in Figure 5 .
As shown in Figure 5 , the particle size of nano-ZnS has a remarkable influence on the apparent activation energy. The apparent activation energy decreases with the decrease of particle size, which is consistent with the results of the reaction of the nanoparticles in solutions [15] [16] [17] , the thermal decomposition reactions of the nanoparticles [19] [20] [21] [22] , and the reduction reactions of the nanoparticles [18, 23]. The apparent activation energy is proportional linearly to the reciprocal of particle diameter, which is consistent with the results reported in literatures [15] [16] [17] 22] . Based on our previous theoretical analysis [15, 22] , the theoretical relationship between the apparent activation energy and the reciprocal of particle diameter will be discussed below. Assume that there is an energy barrier (i.e., transition state) during the reaction between nanoparticle A and another reactant B (gas) and the intermediate product corresponding to the transition state is the activated complex C ‡ (denoted by ‡ ). The molar energy barrier (Δ ‡ ) can be calculated by the following formula: 
Assuming that when nanoparticles act as the reactant, the molar energy of the activated complex ( m (C ‡ )) is equal to the molar energy of the activated complex ( b m (C ‡ )) when the same material but bulk particles act as the reactant.
Consider
Using (7) and (8) into (6), the following equation is obtained:
where b a is the apparent activation energy for the corresponding bulk reactant.
As shown in (10), the apparent activation energy of nanoparticles as the reactant is lower than the same material but bulk particles as the reactant, the reduce of activation energy roots in the molar surface energy of nanoparticles; that is, the essence of the decrease of the activation energy of nanoparticles is that the larger molar surface energy leads to the increase of the average molar energy of reactants, but the molar energy of intermediate activated complex stays unchanged, causing the activation energy decreases.
For the produced nano-ZnS are spherical particles, the molar surface energy of the particle can be expressed as follows [16, 17] : where is the surface tension, m is the molar volume, and is the diameter of the particles.
Using (11) into (9), the apparent activation energy is given as follows:
It is seen from (12) that the apparent activation energy is related to particle size. Only if the radius of the nanoparticles approaches or reaches the order of 10 −9 m would the effect become significant [24] . The particles used in this experiment are dozens of nanometers, so the influence of particle size on the surface tension is very small and the surface tension can be seen as a constant. Then the apparent activation energy decreases with the decrease of its diameter and the apparent activation energy exhibits a linear relationship with the reciprocal of the particle diameter. The above theory analysis explains well about the experimental regularity of the influence of particle size on the apparent activation energy. In addition, as shown in the (9), the effect of particle size on the apparent activation energy is exerted through the molar surface energy and the larger molar surface energy, the smaller apparent activation energy.
From Table 4 , the curve of logarithms of the preexponential factors versus the reciprocal of the particle diameters are shown as follows.
The results presented in Figure 6 show that the particle size of nano-ZnS has a notable influence on the preexponential factor. The preexponential factor decreases with the decrease of the particle diameter and the regularity is consistent with the results in literatures [15] [16] [17] , but is contrary to the literature result [25] . By comparison, there are many differences in the particles of the reactants. They used porous microsized coal particles as reactants, but we used nanosized solid particles. The specific surface area of the micropores is much larger than that of the outer surface of the particles. Furthermore, the radius of curvature of outer surface of particles is positive, while that of inner micropore is negative. Maybe the radius of curvature is one of the important effect factors of regularity. The positive or negative of the radius of curvature might lead to the contradiction among the literatures.
In addition, the logarithm of preexponential factor exhibits a linear relationship with the reciprocal of the particle diameter and the regularity is consistent with the results reported in literature [15] .
According to the transition state theory, if a chemical reaction occurs at a certain temperature, the preexponential factor is proportional to exp(Δ ‡ m / ) [26] and so the equation is derived as follows:
where Δ ‡ m is molar activation entropy for nanoparticles, B is the Boltzmann constant, ℎ is the Planck constant, and is reaction order. Consider
Assuming that the particle size has no effect on the entropy of intermediate complex at transition state, that is, no matter what the reactant is, nanoparticle or bulk substance, the molar entropy of the intermediate complex is the same,
Assuming that one molar entropy of nanoparticle ( m (A)) consists of the entropy of one molar bulk phase ( 
From (14), (15), and (16), the following equation is obtained:
where Δ ‡ b m is the corresponding molar activation entropy when the reactant is a bulk substance.
Similarly, 
Using (19) into (18), the molar activation Gibbs free energy can be expressed as follows:
Ignoring the influence of temperature on the molar volume of nanoparticles, the following equation is obtained:
Comparing (17) and (21), the following equation can be obtained:
Using (17) or (21) into (13), the following equation is obtained:
As shown in (23) , for the common materials, the ( / ) < 0. As the discussion above, in this experiment, the influence of particle size on the surface tension can be ignored. Therefore, the preexponential factor decreases with the decreasing particle size of reactant and ln exhibits a linear relationship with the reciprocal of the particle diameter. The above theory analysis explains well about the experimental regularity of the influence of particle size on the preexponential factor. Additionally, the effect of particle size on the preexponential factor is through its molar surface entropy and the smaller the nanoparticle size, the larger the molar surface entropy and the smaller the preexponential factor.
The influence regularity of reactant size on the preexponential factor and apparent activation energy can be used to explain the influent regularity of reactant size on its rate constant. By (12) , (23) , and the Arrhenius equation, the following equations are obtained:
where 1 is a certain constant, which is related to temperature only. Namely,
The surface enthalpy s is
Often, and as a good approximation, surface enthalpy s and surface energy s are not distinguished, so (27) can be seen in the form as follows [27] :
Equation (24) can be simplified as follows:
Just as the discussion above, the surface tension can be seen as constant in this experiment. As shown in (29), the Journal of Nanomaterials 7 rate constant increases with the decrease of nanoparticles and the logarithm of rate constant exhibits a linear relationship with the reciprocal of the particle diameter. The above theory analysis explains well about the experimental regularity of the influence of particle size on the rate constant.
As shown in (24) , the logarithm of rate constant of nanoreactant is related to its molar surface energy and molar surface entropy; but molar surface energy and molar surface entropy have the opposite effect on the rate constant, because molar surface energy of nanoreactant makes rate constant larger, while molar surface entropy makes rate constant smaller. Therefore, the particle size effect on the rate constant is the result of the combined action of molar surface energy and molar surface entropy. In the process of the reaction of nanoparticles, the molar surface energy of nanoparticles disappears, which causes the decrease of system energy and makes it easier for the reaction. At the same time, the molar surface entropy of nanoparticles also disappears, which causes the decrease of system entropy and makes it more difficult for the reaction. As for the solid nanoparticles, the molar surface entropy is so small that the effect of molar surface energy on the rate constant is dominant. Therefore, the smaller the particle size, the larger the rate constant.
Conclusions
Through experimental study and theoretical analysis, it can be concluded that the particle size of nano-ZnS has a significant effect on the kinetic parameters of oxidation reaction. The results show that the particle size of nanoZnS can observably affect the oxidation reaction kinetics. The reaction rate constant and the reaction order increase, while the apparent activation energy and the preexponential factor decrease with the decreasing particle diameter. Moreover, the logarithm of rate constant, the apparent activation energy, and the logarithm of preexponential factor exhibit linear relations with the reciprocal of the particle diameter, respectively. The essence of particle size effect on oxidation reaction kinetics is that the rate constant is influenced by the combined effect of molar surface energy and molar surface entropy, the reaction order by the molar surface area, the apparent activation energy by the molar surface energy, and the preexponential factor by the molar surface entropy. The influence regularities and essence can provide theoretical guidance to solve the oxidation problems involved in the process of preparation and application of nanomaterials.
